Epidemiological studies revealed that amount of consumption of soy was inversely related to incidence of breast cancer. Genistein, the predominant isoflavone in soy, has been reported to reduce the incidence of breast cancer in animal models. To investigate whether genistein has a therapeutic effect on BRCA1-associated breast cancer, we treated Brca1 mutant mammary tumor cells with genistein. We showed that genistein treatment depleted the G1 population of cells, which was accompanied by an accumulation of cells at G2. Some genistein-treated cells entered mitosis; however, they exhibited chromosome abnormalities and maintained tetraploidy owing to abortive mitotic exit. A fraction of G2 cells underwent endoreduplication and became polyploid, which was accompanied by increased cell death through activating DNA damage response. Furthermore, our data indicated that Brca1 mutant cells were more sensitive to genistein than some other types of cancer cells, highlighting a good therapeutic potential of genistein for BRCA1-associated breast cancer.
Breast cancer is one of the most common cancers and affects approximately one in eight women in Western countries. In the USA, approximately 210 000 new cases of breast cancer are diagnosed each year and about 40 000 patients die. About 90% of breast cancers occur sporadically, with the remaining being due to inheritable familiar cancer syndromes. [1] [2] [3] [4] The breast cancer-associated gene 1 (BRCA1) is the most frequently mutated tumor suppressor gene found in familial breast cancers. 5 It is estimated that BRCA1 mutation carriers have a 50-80% risk of developing breast cancer by age 70 years. [6] [7] [8] Because of their high risk for cancer, BRCA1-mutation carriers often worry about developing breast cancer and are in special need of a preventative and therapeutic agents. In Eastern countries like China and Japan, the risk for breast cancer is much lower than in Western countries. 9 Various studies have shown that this reduced risk may be associated with a high amount of soy consumption in these countries. 10, 11 The active inhibitory components of soy are thought to be isoflavone phytoestrogens, such as genistein and daidzein. 12 Genistein has been shown to inhibit cell growth by inducing cell cycle arrest, possibly through upregulation of cell cycle-dependent kinase (Cdk) inhibitor p21, cyclin B1, and phospho-p34. 13, 14 Genistein can also inhibit decatenation of DNA by inhibiting topoisomerase II activity and induce DNA damage by generating DNA double-strand breaks (DSBs) through stabilizing the covalent topisomerase II-DNA cleavage complex. 15 Furthermore, genistein has been shown to induce apoptosis through decreased expression of Bcl2 and upregulation of Bax. 16 Animal studies have shown that genistein treatment inhibits chemically induced mammary cancer formation (reviewed in Magee and Rowland 17 ) . It was postulated that genistein exerts its chemopreventive effect by enhancing mammary cell maturation and lobular-alveolar development, thus reducing cell proliferation in the mammary gland. 18 Although most epidemiological and laboratory studies have demonstrated a protective role of genistein against breast cancer, some concerns still remain. It was shown that genistein could enhance MCF7 cell proliferation in vitro and tumor growth of implanted MCF7 cells in ovariectomized nude mice. 19, 20 It turns out that genistein has a biphasic effect on cell growth: low concentrations of genistein (i.e. o10 mM) stimulate cell proliferation, whereas higher concentrations inhibit cell proliferation. 19 Thus, both the dose and timing of exposure are critical factors in determining the effects of genistein on breast cancer risk.
Currently, there has been no report about the effects of genistein on BRCA1-associated breast cancer, which is a major form of familial breast cancer syndrome. [6] [7] [8] Given the observation that genistein inhibits most different types of cancers studied so far, we hypothesize that genistein may inhibit the growth of BRCA1-associated breast cancer. To investigate this, we treated mammary tumor cells derived from Brca1 mutant mice with genistein. Our data indicated that genistein inhibits the growth of tumor cells both in vitro and in allograft nude mice by inducing G2 arrest, polyploid cell formation, mitotic catastrophe, and apoptosis characterized by annexin-V staining and accumulation of subG1 population of cells. We also provide evidence that genistein treatment activates DNA damage response, which inhibits growth and eliminates Brca1 mutant cancer cells.
Results
Effects of genistein on the growth of mammary tumor cells. Four tumor cell lines derived from mammary tumors of Brca1
Ko/Co Wap-Cre;p53 þ /À mice (W525 and W780), MMTV-Neu (Neu), and MMTV-Ras (Ras) 21 were used in this experiment. We plated 10 4 cells into each well of a 24-well plate with varying concentrations of genistein, ranging from 0, 1, 2.5, 5, 7.5, 10, 20, 40 and 80 mM added 24 h later. The cultures were stopped 3 days later and were subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Our data revealed a similar dose-dependent reduction of cell quantity starting from 5 mM, with a survival fraction of 50% (SF 50 ) in these cells at doses between 15 and 20 mM of genistein ( Figure 1a) . Next, we treated these cells with 15 mM of genistein for a prolonged period of time up to 7 days. The data indicated that both BRCA1 mutant cell lines were significantly more sensitive than the other two cell lines 5 days after the treatment (Figure 1b) . All W780 cells died 7 days after the treatment, whereas 20, 30 and 45% of W525, Ras and Neu cells were still alive (Figure 1b) .
This observation indicates that Brca1 mutant cells are more sensitive to genistein treatment than some other types of cancer cells during a prolonged period of time. To investigate whether the distinct response of Brca1 mutant cells and some other types of cancers to genistein also occurs in vivo, we performed allograft experiments by inoculating these cells into female nude mice. At 8 days after inoculation of 1 Â 10 6 cells subcutaneously on the lateral body wall of recipient mice, small tumor nodules became visible. We started to measure tumor size every 3 days up to day 19 when tumors in control mice were too large (about 1.5 cm in diameter) to continue the study. Our data indicated that Brca1 tumors developed from genistein-treated mice were about 1/3 in volume compared with those developed from control mice (Figure 1c) , whereas no obvious differences were observed between genisteintreated and vehicle-treated Ras cells (Figure 1d ). These observations indicated that genistein suppresses the growth of Brca1 mutant tumor efficiently both in vitro and in vivo; however, its inhibition on some other types of breast cancer cells is not obvious.
Genistein treatment results in polyploidy and cell death. To explore the mechanism of the growth defects observed in Brca1 mutant cells, we first performed flow cytometry of propidium iodide (PI)-stained cells after they were treated with genistein for 3 days. Our data revealed a dosage-dependent increase of subG1 population that was accompanied by reduced G1 and increased polyploid (4n and 8n) cells (Figure 2a) . Next, we stained the cells with annexin-V, which is an early-phase marker of apoptotic cell death. Our data revealed a moderate increase of annexin-V-positive cells at 48 and 72 h after genistein exposure (Figure 2b) .
In order to follow cell cycle progression of genistein-treated cells, we pulse-labeled cells with BrdU before they were harvested at different time points. We found that 6 h after genistein treatment, the fraction of G1 population was significantly decreased compared with untreated control (from 17 to 8%, Figure 2c ). The G1 population was further decreased during the prolonged treatment, and reached about 2% at 72 h. These data suggest that genistein treatment prevents cells from returning to the G1 phase. The fraction of cells in the S phase was unchanged in the first 6 h after genistein treatment, decreased slightly at 24 h, and dramatically decreased thereafter. The reduced population of Sphase cells corresponded well with the reduced population of G1 cells. The fraction of cells in the G2/M phase significantly increased at 24 and 48 h and then dropped to the control level at 72 h after genistein treatment. The fraction of the 8n population started to increase 6-24 h after the treatment and became significantly higher at 48 and 72 h (41% at both time points). There was a significant increase of the polyploid S population of cells in the first 6 h after treatment. However, this population of cells reduced to the control level at 24 h and then further reduced thereafter (Figure 2c ). These results indicated that cells of 4n did not return to G1 through mitosis; instead they started the second round of the S phase leading to the accumulation of polyploid cells. These cells may gradually die, as reflected by the increased subG1 population (Figure 2c Genistein exposure causes abnormalities in the mitosis. Because the above analysis does not reflect cells in mitotic phase, we measured the mitotic fraction by using an antibody to phosphorylated histone H3 as a mitotic marker after continuous treatment of genistein. We found that the mitotic fraction of genistein-treated cells was significantly lower than control cells at most time points measured (Figures 3a and b) .
To monitor progression of mitosis, we stably transfected W780 cells with a histone H2B-GFP-expressing vector and observed these cells using a fluorescent microscope. We found that genistein-treated cells could enter the prophase and the metaphase (data now shown); however, the majority (91.4%) of anaphases exhibited abnormal chromosomal structures characterized by chromosomal bridges and/or lagging chromosome (Figures 3c,d ). In contrast, the abnormal anaphase was 29.2% in untreated cells (Figure 3c ). This frequency of spontaneous abnormal anaphase was comparable with that found in Brca1 mutant MEF cells reported previously due to the impaired spindle checkpoint defect in these cells. 22 In addition, the extent of chromosome abnormality in genistein-treated cells was much more severe than that of untreated cells. Of note, genistein treatment significantly reduced the frequency of cells in the telophase 6 h after treatment, and by 48 h after treatment there were hardly any telophase cells in the genistein-treated population (Figure 3e ). This observation suggests that genistein treatment prevents cells from finishing mitosis.
To determine the time point when genistein-treated cells were blocked during mitosis, we monitored these cells using a time-lapse microscope. Of In contrast, none of the genistein-treated cells that entered mitosis (n ¼ 12) displayed normal mitosis. We found that seven (58.3%) showed abnormal DNA segregation (chromosome bridge and/or unequal separation) (Figure 4b ). Three (25%) initially arrested at metaphase and then directly returned to interphase (Figure 4c ). The remaining two arrested at metaphase during the 120 min of studying time (Figure 4d) . Altogether, our analysis indicated that genistein treatment reduced the frequency of cells entering mitosis phase; even for the small fraction of cells that entered mitosis, they failed to complete the mitosis and returned to interphase.
Distinct chromosomal aberration found in cells treated with genistein and ICRF-193, a topoisomerase II inhibitor. To understand the reason why many of the genistein-treated cells were arrested at mitosis, we performed chromosome spread. Our analysis indicated that genistein-treated cells exhibited more extensive aneuploidy than untreated cells (Figure 5a ). We also found that chromosomes from the metaphase of genistein-treated cells were frequently tangled and stick together (Figure 5b ). These connections may physically prevent chromosomes at the metaphase from separation, leading to the abortive mitotic exit.
It was reported that genistein inhibits the activity of topoisomerase II, 15 which has decatenation activity and is necessary for cells to segregate chromosome properly in the mitotic phase. 23 Therefore, we hypothesized that topoisomerase II inhibitor activity in genistein could cause abnormal chromosome segregation and polyploidy. To investigate this, we treated cells with ICRF-193, which specifically inhibits topoisomerse II activity without causing DNA chain breaks. 24 We found that ICRF-193 treatment induced more severe chromosome abnormalities, characterized by the severely entangled and partially condensed chromosomes (Figure 5c ). Our FACS analysis revealed that, similar to genistein, ICRF-193 treatment induced the formation of polyploidy cells. However, differing from the genistein-treated cells, the polyploid cells induced by ICRF-193 displayed a continuous shift from 4n, 8n, 16n to 32n within 72 h through DNA endoreduplication (Figure 5d ). Thus, although both genistein and ICRF-193 share a common feature in that they both induce polyploidy, genistein blocks endoreduplication 24-48 h after its treatment and consequently holds cells at 4n and 8n, while ICRF-193 does not block endoreduplication, resulting in a continuous doubling of DNA content (Figure 5d and 15, 24, 25 Thus, the blocking of endoreduplication in genistein-treated cells could be due to DNA damage. To test this hypothesis, we performed immunohistochemical staining using an antibody to the phosphorylated form of H2AX (g-H2AX), which relocates to DSBs upon DNA damage. 26 Our data revealed the formation of g-H2AX foci in genistein-treated Brca1 mutant cells but not in untreated cells (Figures 6a and b) . Our staining on ICRF-193-treated Brca1 mutant cells revealed a slightly increased intensity compared to background; however, it does not reach a significant level (Figure 6c) . Consistent with this, we also observed micronucleus formation in the genisteintreated cells (Figure 6e and g) but not in the DMSO-or ICRF-193-treated cells (Figure 6d,f and g ). Interestingly, we found that ICRF-193 treatment primarily induced a lobular (or flower)-shaped nucleus in cells (Figure 6f and h) , which may reflect their active DNA endoreduplication state. Phosphorylation of H2AX in genistein-treated cells was also confirmed by Western blot analysis (Figure 6j) . Thus, the significant accumulation of DNA damage upon genistein treatment could prevent cells from a continuous cycle of endoreduplication.
To understand the molecular basis for cell cycle arrest upon genistein treatment, we checked expression of Chk1 and Chk2, which are well-known mediators for the upstream kinases, ATM and ATR in DNA damage checkpoints. Our data indicated that Chk2 proteins were phosphorylated upon genistein treatment (Figure 6k ). These observations provide evidence that genistein treatment induced gH2AX foci followed by the activation of Chk2.
Discussion
In this study, we have revealed a profound inhibitory effect of genistein on Brca1 mutant tumor cells. Our data indicate that genistein causes cell cycle arrest and mitotic catastrophe through activation of DNA damage response that inhibits growth of Brca1 mutant cancer cells. Most genistein-treated cells are arrested at the G2 phase. Although some cells entered mitosis, they exhibited chromosome abnormalities in metaphase and/or anaphase, and maintained tetraploidy due to abortive mitotic exit. A fraction of G2 cells underwent endoreduplication and became polyploid (8n), which was accompanied by increased cell death. Our data also revealed a significant increase in gH2AX foci and activation of Chk2 upon genistein treatment. This may provide a molecular basis for cell cycle arrest, mitotic catastrophe, and increased cell death.
The relationship between consumption of soyfoods and breast cancer incidence has been studied extensively. Although most studies revealed an inhibitory effect of soyfoods consumption on breast cancer incidence, some others reported no inhibition or even a slight increase in breast cancer formation (reviewed in Magee and Rowland 17 ). Similarly, discrepancy regarding genistein exposure on tumor cell growth was also reported in the studies using animal and cultured cell models. It was shown that genistein treatment reduced the incidence of breast cancer or increased the latency period in a number of animal models, including MMTV-Neu transgenic mice, 27 GR mice carrying the mouse tumor virus (Mtv) gene, 28 and Sprague-Dawley rats treated by DMBA. 18 However, genistein exposure was found to stimulate the growth of MCF-7 cells injected into the ovariectomized nude mice model. 29 The DMBA-induced breast cancer mice also showed a shortened latent period and increased cancer incidence depending on the ER a allele. 30 The discrepancy among different studies could be caused by multiple factors, such as different characteristics of tumor models, different dosages of genistein, and different timings of drug exposure. In this study, we showed that nearly all Brca1 mutant cells failed to return to G1 phase upon genistein treatment, while many cells driven by the oncogene ras remained in the G1 phase and cells driven by an activated c-neu oncogene exhibited an intermediate phenotype. Because all cells were treated under the same conditions, this different response could be attributed to the distinct intrinsic nature of these different types of cells. Furthermore, we also found that Ras and Neu cells were more resistant to genistein treatment than Brca1 mutant cells during the prolonged treatment period and the 2 days treatment followed by 3 days growth in the genistein-free medium. The extent of resistance is correlated well with the portion of cells at G1 phase. It is conceivable that cells held at the G1 phase (2n DNA content) could reenter the cell cycle, while cells held at the G2 phase (4n or higher DNA content) fail to proliferate even after removal of the drug.
A significant feature of genistein exposure is induction of the polyploid population of cells. It is possible that genistein treatment activates signaling responsible for cell cycle checkpoint activation that blocks the cell cycle progression and holds cells at G2 phase. We observed tremendous chromosome aberration, mainly chromosome bridge formation. Therefore, the mechanism of polyploidy induction may be that the mitotic fraction (4n), which gradually escapes from the G2/M checkpoint after genistein exposure, could not separate chromosomes probably due to bridging chromosome formation. These cells could not finish mitosis and maintain a tetraploid state. Through endoreduplication, some of these cells doubled their DNA content leading to the formation of 8n cells.
In addition, it was shown that BRCA1 interacts and colocalizes with topoisomerase II-a in S-phase cells and may be involved in the decatenation checkpoint pathway. 31, 32 It is demonstrated that BRCA1 is required for ubiquitination of topoisomerase II-alpha, and topoisomerase II-alpha ubiquitination correlates with higher DNA decatenation activity. BRCA1 deficiency, consequently, results in defective DNA decatenation. Our analysis indicated that about 40% Brca1 mutant cells failed to separate their chromosomes properly prior to genistein treatment. This observation suggests that defective decatenation partially contributes to polyploidy formation or Brca1 deficiency does not cause the complete loss of the decantation checkpoint. Nonetheless, we showed that all the cells showed chromosome abnormalities upon genistein treatment. Because genistein also inhibits the activity of topoisomerase II (reviewed in Polkowski et al. 33 ), we have compared the effects of genistein and ICRF-193, which inhibits topoisomerase II catalytic activity. Our data reveal a couple of interesting findings. First, both ICRF-193 and genistein can induce polyploidy; however, the former causes continuous polyploidization while the later stopped at 4n and 8n. Second, despite the fact that ICRF-193 is more potent in inducing polyploidization, its effect can be overridden by genistein. Our interpretation is that genistein exposure can induce polyploidization because of its ability to inhibit topoisomerase II, but it also activates DNA damage response that eventually blocks endoreduplication even in the presence of It has been reported that genistein exposure can induce oxidative DNA damage, while ICRF-193 does not have this ability. 24, 25 Our analysis revealed by the formation of the phosphorylated form of H2AX (gH2AX) foci in the genisteintreated cells but not in the ICRF-193-treated cells confirmed this notion. A number of recent investigations indicate that DNA damage response is characterized by the formation of gH2AX foci followed by the activation of ATM-Chk2-p53 signaling. 34, 35 The DNA damage response serves as a barrier to prevent cell proliferation and eliminate cells with unrepairable DNA damage due to p53-dependent cell cycle arrest and apoptosis. Because all the Brca1 mutant cells used in this study are p53 deficient, 21 the cell cycle arrest and apoptosis caused by genistein treatment are p53 independent. The identity of the factors that are involved in these processes is currently unclear, as ATM and Chk2 can phosphorylate many proteins besides p53. 36 This is an interesting topic and will be addressed in a future study.
Cancer prevention by natural foods, such as soy and soybean, may have a great potential for preventing mammary carcinogenesis. As regular foods, they are accessible for a vast majority of patients. Our finding that genistein can kill p53 and Brca1 double mutant breast cancer cells is significant as over 90% of human BRCA1 mutation-associated breast cancers do not contain functional p53. 37 Because of the estrogen-like effects of genistein, there is concern over a possible detrimental effect of soy in breast cancer patients. Indeed, it was shown that low concentrations of genistein (i.e. o10 mM) could function like estrogen to stimulate cell proliferation. 19 However, the majority of BRCA1 tumors are ERa negative, [38] [39] [40] [41] suggesting that it should not be a concern in BRCA1 breast cancer. It is also questionable that a DNAdamaging agent, such as genistein, could be a candidate for chemopreventive reagent for BRCA1 mutation carriers. One explanation is that normal somatic cells still have normal genetic information, for example, one normal allele of BRCA1. Such cells have normal cell cycle checkpoint and DNA repair ability so that the cells can avoid or minimize the harmful effects of genistein. BRCA1 mutant cells are defective in repairing their DNA DSBs, which make the mutant cells more sensitive to genistein. Given the high risk of BRCA1 mutation carriers for the development of breast cancer, these findings suggest that genistein should serve as a useful drug in the chemoprevention and/or therapeutic treatment of BRCA1-associated breast cancer. þ /À mice; ras and neu cell lines were established from mammary tumors developed in MMTV-ras and MMTV-neu, respectively. 21 For MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay, we plated 1-2 Â 10 4 cells per one well of a 24-well plate. Each point is in triplicate. After 24 h, we changed the medium with genistein dissolved in DMSO with varying concentrations. At different time points, we removed the medium and added 0.5 ml of 0.1% MTT solution dissolved by PBS in each well. After 30 min in a 371C CO 2 incubator, we removed MTT solution and added 0.4 ml of 2-propanol. After shaking for 30 min, we measured OD560 using a plate reader.
FACS analysis. We plated 2.5 Â 10 5 -2 Â 10 6 cells into a 100 mm dish. At 24 h after plating, cells were treated with genistein or DMSO as a control. We labeled cells by adding a 1000-fold diluted BrdU reagent (HE Healthcare) into medium 30 min before harvesting. After trypsinization, cells were fixed by 70% ethanol, and treated with 2N HCl and 0.5% Triton X-100. Cells were then stained with an anti-BrdU FITC (BD Biosciences) or anti-BrdU Pure (BD Biosciences) antibody as a first antibody followed by using an Alexa Fluor 488 goat anti-mouse IgG (H þ L) (Molecular Probes) antibody and stained with PI for fluorescent labeling. Cells were analyzed by FACS caliber using the cell quest as a software (Beckton Dickinson). To analyze mitotic fraction, we used an anti-phospho-histone H3 (Ser10) (Upstate) antibody followed by an Alexa Fluor 488 goat anti-rabbit IgG (H þ L) (Molecular Probes) as a second antibody with PI.
Allograft experiments. At 1 week before inoculating cells into female nude mice (Jackson), we fed the mice with control diet (AIN-76A) and genisteincontaining diet (AIN-76A plus genistein at a concentration of 0.75 mg/g; Research Diets, Inc.). Mutant mammary tumor cells (1 Â 10 6 cells/injection) were inoculated subcutaneously on the lateral body wall of nude mice (two sites/mouse and five mice/group). We calculated tumor volume (V) by the formula V ¼ ab Cell cycle analysis by immunostaining. We plated 1 Â 10 4 cells into a four-well chamber slide (Beckton Dickinson), which was treated with 1 mg/ml poly L-lysin in H 2 O for 30 min. After 1 day, cells were treated with genistein or vehicle (DMSO) for varying times before they were fixed with 100% methanol for 5 min at RT on the slides. Fixed cells were washed three times with PBS and blocked with 3% BSA in PBS for 10 min at RT. They were incubated with monoclonal anti-alphatubulin antibody (Sigma) (1 : 1000) and polyclonal antibody against pericentrin (PRB-432C, COVANCE) (1 : 300) with 3% BSA in PBS overnight. The cells were washed three times with 3% BSA in PBS and incubated with Alexa Fluor 546 goat anti-mouse IgG (H þ L) (Molecular Probes) (1 : 1000), Alexa Fluor 488 goat antirabbit IgG (H þ L) (Molecular Probes) (1 : 1000), and DAPI 100 ng/ml in 3% BSA in PBS for 1 h. The cells were washed three times with PBS, and a cover glass was placed on the chamber glass and sealed with nail polish. We captured fluorescent images by a CCD camera connected to a Leica DMR fluorescent microscope with MagnaFire 2.0 application.
Time lapse. Cells carrying a stably expressed histone H2B-GFP expression vector were grown on a small dish designed for time lapse (Delta T Dish, 0.17 mm in diameter, Bioptechs, Inc.) for 1 day in 371C CO 2 incubator. At 1 day after treating with 40 mM genistein, the cells were transferred onto an incubating stage of an Olympus IX81 inverted microscope with thermometer and thermostat controlling system (Delta T4 Culture Dish Controller, Bioptechs, Inc.). Fluorescent images using a Â 20 objective lens were taken every 5 min for 2 h with IPLab as software.
Western blot analysis. Western blot analysis was performed using standard procedures for whole-cell extracts from cell lines. Antibodies used include Chk2 (Transduction Laboratories), g-H2AX (Upstate), and b-actin (Sigma). We used antirabbit Ig, horseradish peroxidase (GH Healthcare), or anti-mouse Ig-POD (Roche) as a second antibody. We used chemiluminescent method (GE healthcare) and autoradiography to obtain images.
